Abstract Archived formalin-fixed, paraffin embedded (FFPE) tissues constitute a vast, well-annotated, but underexploited resource for the molecular study of cancer progression, largely because degradation, chemical modification, and cross-linking, render FFPE RNA a suboptimal substrate for conventional analytical methods. We report here a modified protocol for RNA extraction from FFPE tissues which maximized the success rate (with 100% of samples) in the expression profiling of a set of 60 breast cancer samples on the WG-DASL platform; yielding data of sufficient quality such that in hierarchical clustering (a) 12/12 (100%) replicates correctly identified their respective counterparts, with a high self-correlation (r = 0.979), and (b) the overall sample set grouped with high specificity into ER? (38/40; 95%) and ER-(18/20; 90%) subtypes. These results indicate that a large fraction of decade-old FFPE samples, of diverse institutional origins and processing histories, can yield RNA suitable for gene expression profiling experiments.
Introduction
Formalin-fixed, paraffin embedded (FFPE) tissues constitute a vast, well-annotated, but untapped source of archived clinical material for the molecular study of cancer [6] , largely because chemically modified and degraded nucleic acids in such tissues are poor molecular substrates for downstream, conventional analytical methods, particularly array methods dependent on 3 0 -oligo-dT-primed reverse transcription (RT-PCR) [16] . Examples of conventional microarray gene expression profiling platforms adversely affected by FFPE RNA include the Agilent 22K GeneChip, with a reported success rate of[24% on breast cancer samples [17] ; although more recent variants, e.g. the Affymetrix Plus 2.0 and Exon 1.0 platforms, have performed better [15] .
Of great promise in mitigating such difficulties is the DASL (cDNA-mediated annealing, selection, extension, and ligation) assay (Illumina, CA), a technology based on highly multiplexed RT-PCR applied in a bead-microarray format [3] . Illumina's implementation of this underlying technology has rendered the DASL assay relatively unbiased and robust when applied to degraded FFPE RNA samples from breast [1, 11, 16, 19] and other tissues [4, 5, 12, 14] . A more recent version of the method, WG-DASL (whole-genome DASL), capable of addressing 24,000 RefSeq sequences, encompassing the majority of the human transcriptome, has been applied successfully to a small number of FFPE ovarian cancer samples [2] .
Microarray-based gene expression studies using fresh frozen tumor samples have shown that breast cancer can be classified into ''intrinsic'' molecular subtypes on the basis of distinct transcription profiles, thereby providing objective, quantitative criteria for resolving disease heterogeneity and for patient stratification ( [9, 13, 18, 20] . Methods that provide reliable and accurate gene expression profiling of FFPE samples would add greatly to our understanding of the significance of breast cancer subtypes; and we show here that improved RNA extraction protocols in conjunction with the WG-DASL method can achieve an optimal success rate in gene expression profiling of FFPE samples.
Materials and methods
In this study, we compared two RNA extractions methods, focusing on yield, purity, and RT-PCR performance, using (a) a modified protocol based on the Qiagen RNeasy FFPE kit (Valencia, CA, USA) ( Table 1 ) and (b) the Roche Hi Pure FFPE RNA kit (Roche, Mannheim, Germany), which is the method recommended by Illumina (San Diego, CA, USA) for DASL applications. Modifications made to the baseline manufacturer's (Qiagen) protocol included: (a) double xylene deparaffinization step, (b) double ethanol wash, and (c) extension of proteinase k digestion to 2 h from 15 min, with continuous agitation at 55 C, 500 rpm. The modified Qiagen method was used on 60 AJCC stage I or II invasive ductal breast tumors, 1 cm or larger, diagnosed between 1993 and 1999 (11-17 years old) as part of the population-based cohort study [21] ; and comprising 40 estrogen receptor positive (ER?; by immunohistochemistry) and 20 ER-tumors. A similar set of 36 FFPE ER? tumors were extracted by the Roche Hi Pure FFPE RNA kit. H&E sections were marked to exclude non-tumor tissue prior to sectioning with either method.
The TaqMan realtime PCR analysis of RPL13A is currently the quality control standard for predicting RNA performance on the DASL assay [9] , with RT-PCR cycle threshold C t values of B29 generally taken to signify RNA of sufficient quality to give reproducible results on DASL [1, 7] . Here, RNA integrity was assessed by RT-PCR for RPL13A using the QuantiTect Primer Assay QT00089915 (Qiagen). All 60 tumor samples, regardless of C t values, were processed according to vendor's instructions and hybridized to Illumina whole-genome arrays (Human-Ref- The raw array data were exported via GenomeStudio v1.0 software to the R v2.9.2 statistical software Bioconductor lumi package [8] for quantile normalization and log 2 transformation. Signal intensity filtering excluding probes with signals below the 75% percentile of negative controls was applied. The data were then subjected to ''shorth'' variance filtering (Bioconductor package ''genefilter'', Huber and Bras), such that only probes with standard deviation exceeding the mean intensity standard deviation of arrays within the ''shorth'' interval were retained for analysis [10] . Intrinsic probes were selected on the basis of those whose expression showed the most variation among tumors of different subjects compared with technical and stochastic variations: 12 pairs of original versus replicate data were analyzed by the ANOVA F test to compare between-tumor variations with within-tumor variations; probes with values in [75% of the 24 samples and ''Bonferroni'' adjusted P value \ 0.05 were selected.
Results and discussion
We found that the modified Qiagen method led to substantially better results in terms of median yield (by eightfold; Fig. 1a ) and higher consistency of purity. This enhanced performance compared to the Roche method may Table 1 Modified Qiagen RNeasy FFPE RNA extraction protocol for WG-DASL assay Modified FFPE RNA extraction protocol Cut C3 9 6 lm slices per block and place in sterile, RNase-free 1.5 ml microcentrifuge tube Deparaffinize with two sequential 100% xylene washes, with vigorous intermittent vortexing and incubation at room temperature for 5 min.
Centrifuge to recover pellets between washes Perform two washes with absolute ethanol, with vigorous intermittent vortexing and incubation at room temperature for 5 min. Centrifuge to recover pellets between washes Air dry pellets thoroughly at 50 C for 5 min in Eppendorf Thermomixer Digest with Proteinase K at 55 C for 2 h with constant agitation at 500 rpm in Thermomixer
Heat pulse at 80 C, 15 min, with agitation; to reverse cross-linking Continue purifying RNA according to original Qiagen RNeasy FFPE kit protocol Perform Nanodrop UV spectrophotometry/quantitation and RPL13a TaqMan realtime PCR Apply samples in WG-DASL procedure at C200 ng input RNA; A 260 /A 280 C 1.8; and RPL13a C t \ 39 be attributable to a combination of several factors: (a) the additional deparaffinization and alcohol wash steps; (b) the lengthened proteinase k incubation time, using a stabilized and highly active proteinase k formulation (provided by Qiagen); and (c) inclusion of a high temperature heat pulse step for the reversal of RNA cross-linking (Qiagen). There was a wide spread in sample quality, as measured by RPL13a RT-PCR (Fig. 1b) , with a median C t of 29. Fig 1a) , and a mean A 260 /A 280 ratio of 1.92 ± 0.06, near the ideal of 2.0. In comparison, the Roche method achieved a median yield of 1.17 ± 0.73 lg on comparable FFPE breast cancer samples (n = 36), with a mean A 260 /A 280 of 1.89 ± 0.42. This amounted to an almost eightfold under-performance in recovery, and also significantly higher variability in purity. Total RNA yield varied considerably between samples with the Qiagen method; but 75% of samples yielded over 5 lg of RNA, and none less than 1.2 lg, in great surplus over the recommended input amount of 200 ng. In contrast, 17% (6/36) of Roche samples failed to yield at least this amount. b RPL13A RT-PCR cycle threshold (C t ) values also ranged widely, with a median C t of 29.40 ± 4.77 for Qiagen samples and 28.30 ± 2.44 for Roche. There was no statistically significant difference between the median Ct values (P \ 0.05), nor between the proportions of samples with C t B 29 for Qiagen (47%) and Roche (55%). c Histograms of pairwise Pearson product-moment correlation r between 60 unrelated tumors and between 12 pairs of technical replicates, equally divided between ER? and ER-tumors, with mean r = 0.972. There was no statistically significant difference in reproducibility (self-correlation among duplicates) between the two subtypes of tumors at level 0.05 Breast Cancer Res Treat (2011) 125:879-883 881 similar to the 15,852 probes detectable (P \ 0.01) in frozen lung tumor using the v3 BeadChip under comparable conditions [2] . The degree of self-correlation between duplicates, indicated by the average Pearson productmoment correlation coefficient r at the probe level, was 0.979 ( Fig. 1c) , which compares favorably with reported ranges for breast tumors of 0.73-0.97 [1] and [0.98 [2] . Based on the methodology of Perou et al. [18] , we derived an ''intrinsic set'' of 729 probes (704 genes) for the present dataset. Employing this intrinsic probe set in hierarchical clustering (Fig. 2) , the array data successfully (a) grouped each pair of 12 duplicates as immediate neighbors within the dendrogram, thus correctly identifying their respective partners in 100% (12/12) of cases; and (b) classified ER? (38/40; 95%) and ER-(18/20; 90%) tumors into distinct clusters with an overall C90% specificity. Interestingly, in two instances of apparent misclassification (ER? samples 06 and 32 within the ERclade), a subsequent re-examination of ER levels of the two tumors by immunohistochemistry revealed that they indeed had the two lowest ER scores (Allred 4 of 8) of the entire ER? cohort (mean ER score = 7; max = 8). This suggests that the WG-DASL analysis was able to identify additional ''intrinsic'' molecular relatedness between the lowestexpressing ER? samples and the ER-group, transcending the ER± dichotomy captured by standard biomarkers.
Conclusions
These results show that a very high proportion of FFPE samples, between 1-2 decades in age, obtained from a wide cross-section of institutions (14; including university/ research medical centers, community hospitals, private and military clinics), and with highly varied processing histories, can be extracted by a modified Qiagen method to yield large, microgram quantities of RNA suitable for gene expression profiling with the WG-DASL assay. replicates. Euclidean distance (vertical scale) and Ward agglomeration were used. Two principal clades were generated, resolving the sample set into ER? (38/40, 95%) and ER-(18/20, 90%) branches with high specificity. As discussed in the text, the discordant samples 32 and 06 (*) have the lowest ER scores by immunohistochemistry
